In stimulated Raman scattering, two incident optical waves induce a force oscillating at the difference of the two light frequencies. This process has enabled important applications such as the excitation and coherent control of phonons and magnons by femtosecond laser pulses. Here, we experimentally and theoretically demonstrate the so far neglected up-conversion counterpart of this process: THz sum-frequency excitation of a Raman-active phonon mode, which is tantamount to two-photon absorption by an optical transition between two adjacent vibrational levels. Coherent control of an optical lattice vibration of diamond is achieved by an intense terahertz pulse whose spectrum is centered at half the phonon frequency of 40 THz. Remarkably, the carrier-envelope phase of the driving pulse is directly imprinted on the lattice vibration. New prospects in infrared spectroscopy, light storage schemes and lattice trajectory control in the electronic ground state emerge.
Gaining control over ultrafast elementary motions of electrons, spins and ions in solids is of major interest from a fundamental as well as an applied point of view. Examples include steering of chemical reactions along a desired pathway [1] and switching of spins in magnetically ordered materials [2, 3] . Many control strategies take advantage of low-energy, that is, terahertz (THz) modes of the material. An important and ubiquitous example are lattice vibrations (phonons) whose ultrafast control by femtosecond laser pulses [4, 5] has enabled new pathways to permanent material modification [6] , insulator-to-metal transitions [7, 8] , magnetization manipulation [2, 9] and even memories for light [10] . In addition, phonons are considered model systems for magnons, plasmons and other harmonic-oscillator-type modes. In the most straightforward approach, the laser electric field directly drives the electric dipoles of a long-wavelength lattice mode. This one-photon absorption process requires an infrared-active transition and a pump spectrum that covers the phonon frequency Ω/2π typically located between ∼1 and 40 THz [11] [12] [13] [14] [ Fig. 1(a) ]. To date, many works have implemented lattice excitation using stimulated Raman scattering (SRS) of a light pulse containing electric-field components with frequencies ω 1 and ω 2 = ω 1 + Ω, both at typically ∼ 2π · 500 THz [ Fig. 1(b) ]. The rapidly oscillating light field couples primarily to electrons of the material [15] , either nonresonantly (in optically transparent solids) [16, 17] or resonantly (in opaque solids) [18, 19] , resulting in a force that coherently drives the lattice at the difference frequency ω 2 − ω 1 = Ω. Such rectification can also be achieved through anharmonic interaction with infrared-active phonons at higher frequencies, which are excited resonantly by a THz pump pulse [20] .
Note that the difference-frequency process underlying stimulated Raman excitation [ Fig. 1(b) ] is a familiar phenomenon in nonlinear optics where it is also accompanied by the generation of signals at the sum of the incident frequencies. This analogy suggests a novel scheme of coherent lattice control where the two incident frequencies are chosen such that the sum frequency is resonant with the target mode [ Fig. 1(c) ]. Such sum-frequency excitation (SFE) by a single light pulse is tantamount to two-photon absorption (2PA), which has been widely used to induce [21, 22] and coherently control [23, 24] electronic transitions by optical photons of ∼1 eV energy. So far, however, SFE or 2PA by vibrational resonances such as optical phonons have not yet been demonstrated because the laser frequencies used (∼500 THz) were typically one order of magnitude larger than the highest phonon frequencies (∼40 THz).
In this work, we provide a first experimental and theoretical demonstration of SFE of lattice vibrations. An intense THz pulse with a center frequency of 20 THz is found to coherently drive the long-wavelength Raman-active optical phonon of diamond at the sum frequency of 40 THz. Remarkably, we observe that the carrier-envelope phase (CEP) of the THz pulse is directly transferred into the phase of the lattice vibration. Due to the low THz photon energy, parasitic electronic excitations are suppressed, thereby opening up the way to coherent control of fundamental Raman-active modes such as phonons and magnons in the electronic ground state.
Experiment.
To control and monitor coherent phonons by SFE, we make use of the pump-probe scheme shown in Fig. 1(d) . An intense phase-locked THz pulse [25] with tunable center frequency is directed onto the sample to drive coherent lattice vibrations. The instantaneous time-dependent phonon amplitude is monitored by a time-delayed optical probe pulse that measures the transient birefringence of the material [4, 5] .
As sample, we choose a high-purity single crystal of diamond(100) (type IIa, thickness of 200 µm, Sumitomo Electric Hardmetal Corporation) grown by chemical vapor deposition. We focus on the zone-center optical phonon at Ω/2π ≈ 40 THz, which is one of the highest phonon frequencies known. This F 2g (Γ + 25 )-type mode is characterized by symmetric stretch vibrations of the C-C bonds [ Fig. 1(d) ] and exhibits, therefore, no transient electric dipole moment. It is, however, Raman-active and has frequently served as a benchmark resonance in the history of Raman studies [26] [27] [28] . The model character of this mode is underlined by the fact that related high-frequency vibrations are found in many other C-C covalent-bond systems such as carbon nanotubes [29] , graphene [30] or organic molecules.
To drive and observe the high-frequency diamond phonon, intense phase-locked THz pulses and very short probe pulses are required. The THz pump pulse is generated by difference-frequency mixing of two phase-correlated infrared pulses from two optical parametric amplifiers each pumped by a laser pulse (duration 40 fs, energy 7 mJ, center wavelength 800 nm, repetition rate 1 kHz) from the same Ti:sapphire laser system in a GaSe crystal [25] (thickness of 1 mm). A typical THz pulse and its intensity spectrum are shown in Figs. 1(e) and (f), respectively. The pulse is inherently phase-locked, and its CEP can be set by slightly varying the delay between the two generating infrared pulses [25] . The pump-induced coherent-phonon dynamics are sampled by a synchronized ultrashort probe pulse that measures the transient birefringence of the sample. The probe pulse (duration 7 fs, center wavelength 750 nm) is derived from the seed-laser oscillator of the amplifier laser system, traverses the sample under normal incidence and collinearly with the pump, and finally enters a balanced optical bridge [16] detecting its polarization state. The linear polarizations of pump und probe are set to an angle of 45 • with respect to each other. To determine the electric field of the THz pulse by electrooptic sampling [31, 32] , the diamond sample is replaced by a thin GaSe detection crystal [25] (thickness of ∼30 µm), resulting in the data shown by Figs Fig. S1 ). These values agree excellently with those inferred from SRS excitation [ Fig. 1(b) ] using optical pump pulses with a center frequency of 750 THz [26] , as well as from spontaneous Raman scattering [28] (see Supplementary Table   S1 ). Therefore, the oscillatory pump-probe signal of Fig. 2(f) is a clear hallmark of diamond's F 2g -phonon. As seen in Fig. 3(a) , the oscillation amplitude is found to grow linearly with the pump power, that is, the square of the driving THz field. Therefore, the coherent lattice vibration is the result of two interactions with the THz pump field and can only arise from a difference-frequency process [SRS, Fig. 1(b) ] or a sum-frequency process [SFE, Fig. 1(c) ]. Since the coherent phonon is observed for a pump center frequency of Ω/2 but not Ω, we have provided evidence for the sum-frequency process suggested in Fig. 1(c) . In other words, we here observe a coherent lattice vibration driven by SFE/2PA of a THz pump pulse. Importantly, the transient signals do not exhibit any indications of unwanted sample heating in the form of a slowly varying background, as is often observed with optical excitation [4, 5, 16] .
Model. To put our interpretation on a theoretical basis, we assume that the solid has only one uniform vibrational mode, an optical phonon characterized by the normal coordinate Q and frequency Ω. The electric field E(t) of the incident pump pulse exerts Coulomb forces on electrons and ions, resulting in a time-dependent electric-dipole density (polarization) P(t). Since diamond is an insulator (electronic band gap of 5.5 eV), the material remains in its electronic ground state, and the electron density follows the pump field (photon energy ∼ 80. . . 160 meV) adiabatically.
Consequently, the polarization is fully determined by the instantaneous values of Q and E, and we have P(t) = P (Q(t), E(t)). To describe the dynamics of the solid, we assume a Lagrangian [17] that captures the mode's kinetic energy ( Q 2 /2), potential energy (Ω 2 Q 2 /2) and interaction (PE) with the pump field. Linearization of P with respect to E and using the Lagrange equation finally yields the harmonic-oscillator-type equation of motion for Q,
Its right-hand side is the sum of two driving forces. The first term describes the direct coupling of E to the polarization arising from lattice displacement. It corresponds to the scheme of Fig. 1(a) , but vanishes here because the effective charge ∂P/∂Q of the infrared-inactive F 2g -mode of diamond is zero. The second term results from the coupling of E to the Q-dependent part of the field-induced electronic polarization χE where χ = ∂P/∂E is the linear dielectric susceptibility. Clearly, this coupling is Raman-type because it is mediated by the Raman tensor ∂ χ/∂Q, which is nonzero for the relevant diamond phonon mode [26, 28] .
Note that the second force term on the right-hand side of Eq. (1) follows the squared pump field E 2 (t). Therefore, it consists of a superposition of difference-and sum-frequency pairs of the spectrum of E(t). The difference-frequency component, corresponding to conventional SRS [ Fig. 1(b) ], follows the pump intensity envelope. It has been employed for impulsive excitation of phonons [4, 5, 18] and magnons [3] in numerous works. As we show here, also the sum-frequency component is capable of driving such Raman-active modes [ Fig. 1(c) ]. It is precisely this term that describes phonon excitation by THz SFE.
We solve Eq. (1) for Q(t) and model the transient optical birefringence as a weighted sum of Q(t) and E 2 (t), the latter capturing the instantaneous electronic response (THz Kerr effect [33] ). A final temporal convolution with a square function accounts for the velocity mismatch of pump and probe pulses propagating through the diamond sample [34] . Using this procedure together with the actual THz driving field of Fig. 1(e) , we obtain the grey solid line of Fig. 3(b) . The agreement with the measured signal (blue solid line) is striking, in particular during temporal overlap of pump and probe pulses.
In addition, the scaling of the pump-probe signal with the Raman tensor [see Eq. (1)] is consistent with its dependence on sample orientation [26, 28] . For example, when the sample is rotated from the azimuth of largest phonon signal amplitude [blue line in Fig. 3(b) ] by an angle of 45 • , we find almost complete suppression of the oscillatory component [orange line in Fig. 3(b) ], in agreement with the symmetry of the (100)-oriented diamond crystal [26] . Therefore, our results fully support the notion that we have observed THz SFE as a new mechanism for launching of a coherent phonon.
Coherent-phonon phase control. Our experiment allows us to explore the impact of the CEP on the SFE process, which is expected to be very different from the SRS case. Note that a CEP change by ∆ϕ 0 shifts the phase of the phonon oscillation by ∆ϕ 0 − ∆ϕ 0 = 0 in the difference-frequency-type case (SRS), but by ∆ϕ 0 + ∆ϕ 0 = 2∆ϕ 0 in the sum-frequency process (SFE). In other words, conventional SRS [( Fig. 1(b) ] is independent of the CEP whereas its sum-frequency counterpart unambiguously demonstrate that twice the CEP shift of the pump field is directly transferred into the phase shift of the resulting lattice motion.
Discussion. Neither 2PA nor SFE have so far been observed for an optical transition between adjacent vibrational levels. Here, we witness the full dynamics of this process, starting with the coherent SFE of the vibration, the subsequent decoherence and absorption. In contrast to previous coherent quantum-control studies of 2PA by electronic transitions [23, 24, 35] , the excited coherent-phonon state of this work has a much lower frequency and longer dephasing times.
Therefore, the coherent dynamics of the excited state can be sampled by a femtosecond optical probe directly in the time domain.
In terms of applications, the very selective energy deposition in Raman-active modes by THz 2PA may enable machining of transparent materials by intense mid-infrared industrial lasers. Moreover, established, highly sensitive infrared vibrational spectroscopies (such as action spectroscopy [36] )
can be extended to infrared-forbidden yet Raman-active modes. Remarkably, due to the low photon energies required, THz SFE provides a unique tool to steer chemical reactions or phase transitions in the electronic ground state, solely driven by Raman-active lattice vibrations. Shaping of THz pulses [37] to multicolor pulse sequences could enable independent phase and amplitude control of the lattice trajectory along multiple normal coordinates, which is challenging with optical pulses accompanied by parasitic electronic excitations [38] . THz SFE may therefore reveal novel routes to phase transitions [7, 8] or other phonon-mediated effects. Its phase sensitivity enables storing the CEP of a light pulse in a coherent phonon mode [10] , an interesting perspective for phonon-based quantum processing at room temperature.
In conclusion, we have demonstrated that coherent lattice motion can be launched and controlled by THz SFE. This approach provides coherent control of all Raman-active modes (such as phonons, magnons and plasmons) that have so far been inaccessible by THz or mid-infrared radiation.
Simultaneously, parasitic electronic excitation, which occurs when optical laser pulses are used, is greatly reduced. Finally, this so far neglected type of light-matter coupling extends vibrational spectroscopy methods to infrared-forbidden modes and paves the way for CEP-sensitive light-storage devices at room temperature and full lattice trajectory control. 
